Abstract We present the postglacial history of vegeta-
Introduction
Because of its location, the area of northeastern Poland where our research site is located is favourable for palaeoecological studies. This region is under the influence of a transitional climate, so it shows both oceanic and continental features. The occurrences of different air masses have a wide range of influences upon the natural distributions of plants typical of both the oceanic (Cladium mariscus and Juncus subnodulosus) and the boreal climate (Picea abies, Polemonium caeruleum, Nymphaea candida and Nuphar pumila). It is very important that the studied region serves as a migration gateway through which plants have moved in north-south-north and east-west-east directions during the last several thousand years of the Holocene. The postglacial changes in vegetation became apparent in the study area during earlier research, as illustrated by the phenomenon of glacial-interglacial cycles (Iversen 1964; Tobolski 1976; Birks 1986; Lang 1994 ) and the migration of plants with different climatic requirements. At the beginning of the 20th century, it was shown that Juncus subnodulosus (Gałka 2009 ), a plant typical of the oceanic zone (Meusel et al. 1965) , was still growing in this area, but its current distribution is limited to northwest Poland (Markowski and Stasiak 1988) . However, new species have entered the area, such as Sphagnum wulfianum (Gałka 2010) , which has its optimal habitat in the boreal zone (Daniels and Eddy 1990) . Good examples of the withdrawal of oceanic species from this part of Europe include the withdrawal of Cladium mariscus, which is disappearing from the studied area and Najas flexilis, whose occurrence was limited to the climatic optimum . Considering these examples, it should be noted that palaeoecological research in this area is a key to understanding the mechanisms of plant migration, including the time of their appearance, the length of their existence, and the causes of their withdrawal from central Europe.
The Suwałki region of northeast Poland also has a unique history of human settlement. Specialists in human history have demonstrated the specific and unique character of economic activity in northeast Poland in relation to central Europe (Nowakowski 1986; Kozłowski and Kaczanowski 1998; Karczewski 2011) . In spite of intensive archaeological research conducted in the area, mainly focused on the history of Jatvingian settlement, related archaeobotanical knowledge is poor. So far, macrofossils of cultivated plants have been analysed from two archaeological sites-Osinki, 15 km southeast of Linówek, and Osowa, 10 km south of Linówek. At one site-Góra Zamkowa, *3 km east of Linówek, a find of various cereal grains was reported (Karczewski 2011). At two sites, Korklin (Stasiak 1970) and Wigry (Kupryjanowicz 2007) , pollen analysis identified cultivated cereals.
The results presented in this article are based on highresolution research of plant macroremains, pollen and Cladocera records, as well as radiocarbon dates on Jezioro Linówek sediments and the peat bog that has developed around it. The aim of the study was to reconstruct: (1) the postglacial history of vegetation in northeast Poland at regional and local scales, (2) the history of the development of Linówek and fluctuations in its water level, and (3) the history of human economic activity and its impact on vegetation.
So far, a postglacial vegetation history of this area covering the period from the withdrawal of the Scandinavian ice sheet to the present day has not yet been published. Multidirectional research was carried out on another lake, Jezioro Hańcza, located *4 km from Linówek, but the time span of the palaeoenvironmental and palaeoclimatic reconstructions in this research was *13,000-4,000 cal. B.P. (Lauterbach et al. 2011 ). Multi-proxy palaeoecological studies involving Late-glacial and Holocene environmental changes were carried out on another lake, Jezioro Wigry, located *30 km from the study site (Kupryjanowicz 2007; Zawisza and Szeroczyńska 2007) . The first pollen studies were conducted in the Suwałki region by Ołtuszewski (1937) and in the Puszcza Romincka (25 km to the north) by Gross (1935) . The nearest palaeoecological and palaeobotanical reconstructions that include the Late-glacial and Holocene periods were carried out in Lithuania (Stančikait_ e et al. 2008 (Stančikait_ e et al. , 2009 Gaidamavičius et al. 2011) and western Belarus (Stančikait_ e et al. 2011 ).
Study site
The study area is located in northeast Poland, in the Suwalski Park Krajobrazowy (Suwałki Landscape Park, SLP), *60 km north of the extent of the last glaciation (Krzywicki 2002; Marks 2002) . The current landforms were formed by the receding ice sheet as well as fluvioglacial water activity and glaciotectonics (Ber 1974 (Ber , 2000 Krzywicki 2002 ). Typical Late-glacial landforms in the vicinity of Linówek include kame hills, eskers and depressions with lakes or peat bogs, and with a height range [100 m. The warmest month is July with an average 17°C and the coldest is January with the average -5°C (Woś 1999). The study site displays features of a temperate transitional climate, with clear characteristics of a continental climate. The mean annual air temperature is 2°C lower than that of western Poland (Lorenc 2005) , and the total mean annual precipitation is [650 mm, with the maximum occurring in July and the minimum in February. The current vegetation shows distinct differences compared with the other parts of Poland, associated with the strong impacts of the continental climate. The specificity of the vegetation allows it to be placed in a separate Polish geobotanical region.
The Suwalski Park Krajobrazowy is located in the most northeasterly part of Poland in the area close to the boreomeridional zone (Moen 1999) and in the range of northern spruce woodland (the northern boreal rangeBortynski 2007). The majority of the seven woodland complexes in the SLP are fresh mixed Corylo-Piceetum woods and pine-spruce mixed coniferous Calamagrostio arundinaceae-Piceetum woods (Sokołowski 1973) . In addition, Picea abies is a component of the oak-hornbeam woods (Tilio-Carpinetum, sub-boreal type), which occurs in the damp mixed woodland (Querco-Piceetum) and forms a stand in the boreal vegetation complex of Sphagno girgensohnii-Piceetum (Matuszkiewicz 2001) .
With an area of 2.74 ha, Linówek is located among terminal moraine hills. The water level in the lake stands at 199.7 m a.s.l., and the maximum depth is 4.2 m. The central part of the lake bottom is devoid of vegetation. The lakeshore zone is characterised by Stratiotes aloides, Nymphaea alba, Potamogeton natans and Chara sp., among others, and the shallow margins with rushes are populated by the helophytes Typha latifolia, Equisetum fluviatile and Sparganium sp. A transition mire has developed at the lakeshore, with widespread Sphagnum teres, Oxycoccus palustris and Thelypteris palustris. The occurrence of Sphagnum obtusum, S. fuscum and S. magellanicum as well as Drosera rotundifolia and Scheuchzeria palustris is quite rare. The edge area of the peat bog is dry and overgrown with Betula pubescens and Salix cinerea.
Materials and methods
Coring for laboratory analyses was performed manually using a Russian corer with a tube diameter of 7 cm and length of 100 cm. Two cores were collected from Jezioro Linówek on the eastern shore of the lake (Fig. 1) . One of the cores, LL I (Site I, 54°13 0 24.30 00 N and 22°50 0 29.99 00 E), had a length of 590 cm (200-800 cm) and included lake sediments as well as the organic and mineral sediments found beneath (Table 1) . The second core, LL II (Site II), with a length of 200 cm, was collected at a distance of 2.5 m from the location of the first core and included the upper portion of the lake sediments and the peat that developed above them (Table 1) . The necessity to collect the upper layer of the sediment from elsewhere was due to the unsuitable nature of the peat deposits in Site I. These deposits were waterlogged and included inserts of water lenses, making the deposits unfit for analysis. The lacustrine-peat sediment was placed in PVC tubes. The sediments were extracted and purified in the laboratory and subsequently divided into layers 1 cm thick with a surgical scalpel.
In order to establish the chronology of the results, macrofossils of terrestrial plants from eight samples were selected for AMS radiocarbon dating ( Table 2 ). The material was collected from 1 cm thick layers of the deposits. In six cases these were tree macrofossils, in one it was trees and peat plants, while in the last one it was a seed of a plant growing in a terrestrial habitat. The 14 C dating was done in the Poznań Radiocarbon Laboratory. The samples were prepared with the standard AAA method, and 14 C was measured using the AMS technique (Goslar et al. 2004 ). The resulting conventional radiocarbon dates were calibrated against the INTCAL09 calibration curve (Reimer et al. 2009 ). An age-depth model is presented in Fig. 2 . The pollen analyses, on 122 samples, were performed at a variable depth interval resulting from the arrangement of the sediment layers, but mostly a 5 cm resolution. The time resolution of the counted samples fluctuated around 11500 B.C.-A.D. 2010. The results of the pollen analyses are presented in diagrams (Figs. 3, 4 ), which were calculated and drawn using Tilia software (Grimm 1991) . For the pollen studies, 1 cm 3 of gyttja or 2 cm 3 of peat, due to the low concentration of pollen in the latter, were used. Each sample was acetolysed following the modified Erdtman method with an addition of hydrofluoric acid (Faegri and Iversen 1989) . Pollen taxa were identified and counted using a Zeiss AMPLIVAL light microscope with 4009 and 1,0009 magnifications. Pollen was identified with the use of specialist keys and atlases, particularly Beug (2004) . About 500 tree and herb pollen grain taxa per sample were counted. Percentage values of sporomorphs in individual spectra were calculated on the basis of particular taxa values in relation to the total pollen number (AP ? NAP), excluding local taxa (cryptogams, limnophytes, telmatophytes and Cyperaceae). The percentage values of local pollen taxa and cryptogams were also calculated in relation to the total pollen sum. The estimation of human economic activity in northeastern Poland was based on plant indicators. Summary curves were made for human activity (anthropogenic) indicators distinguished according to Behre (1981) , as well as Van der Linden and Van Geel (2006) . The human indicators include Artemisia, Centaurea cyanus, Chenopodiaceae, Plantago lanceolata, Rumex acetosa/acetosella and Cerealia spp. Zonal names, such as Allerød or Younger Dryas, refer to the data defined by Litt et al. (2001) .
In the study of plant macroremains, both cores were analysed at a resolution of 1 cm, with a total of 790 samples. The time resolution of the counted samples fluctuated around 12500 B.C.-A.D. 2010. The volume of the samples taken from the core of Site I was around 25 cm 3 , and from the second core it was about 50 cm 3 . The samples were rinsed on sieves with 0.25 mm mesh size in warm water. Macrofossils of the selected plants were studied with the use of a Nikon SMZ800 stereoscopic microscope at a magnification of 10-2009, and a transmitted light microscope. Species determination of individual plant macrofossils was done with the help of the following keys: Berggren (1968 Berggren ( , 1981 , Grosse-Brauckmann (1974) , Grosse-Brauckmann and Streitz (1992) , Tobolski (2000) , Velichkevich and Zastawniak (2006 ) and Hölzer (2010 . The results are shown in the diagrams of plant macroremains (Figs. 5, 6) , which were prepared with the use of the graphics program C2 (Juggins 2003) . The results are summarised in the diagrams in absolute numbers, while the vegetative parts of vascular plants as well as brown mosses and Sphagnum are given in percentages of the total volume of the sediment samples. Plant nomenclature follows Mirek et al. (2002) .
Cladocera: methodology
The analysis of subfossil Cladocera was performed at 10 cm intervals for the limnic part of the sequence (LL I). The sample size was 1 cm 3 of fresh sediment. In order to obtain the remains of the Cladocera fauna deposited in the (Szeroczyńska 1985; Frey 1986; Korhola and Rautio 2001) . In the laboratory each sample was placed in a 250 ml glass beaker, to which 100 ml of 10 % KOH was added and boiled on an electric cooker. The sample was then transferred to a magnetic stirrer with heating option up to 80°C for 25 min, after which the beaker was filled up with distilled water and allowed to stand for at least 12 h. The next day the obtained residue was washed with distilled water on a sieve with a mesh size of 40 lm. If the sample contained Calcium carbonate it was removed on the sieve using 10 % HCl and then washed again with distilled water. The prepared samples were placed in 10 ml tubes and stored in a refrigerator. A few drops of Glycerol-safranin were added to the samples to colour the chitin remains of Cladocera, each time before the microscopic study. The obtained preparations were volatile. Using an automatic pipette, 0.1 ml of the obtained solution was taken and transferred to a glass slide where it was covered with a cover slip measuring 24 9 60 mm. The analysis was performed using an Olympus biological microscope with 109 eyepiece magnification, zoom lens 10, 20, 409. All the remains of Cladocera which were found were counted: headshields, shells, postabdomens, postabdomenal claws and ephippia. For each sample, the microscopic analysis was performed on 2-4 preparations depending on the amount of remains. The species identification followed Szeroczyńska and Sarmaja-Korjonen (2007) as well as Flössner (2000) . The results of the species composition and frequency of individuals are presented in an absolute frequency diagram (Fig. 7) , which was drawn up using the graphics program C2 (Juggins 2003) .
Results

Lithology and chronology
The age-depth model was constructed with a free-shape algorithm (Goslar et al. 2009 ), which has generated (using the Monte-Carlo approach) large sets of age-depth curves which are monotonic, as smooth as possible, and at the same time keeping average deviations of 14 C dates from the radiocarbon calibration curve close to the 1 r uncertainties of the dates. For the full set of dates, the conditions above were impossible to fulfill, unless the date from 289 to 290 cm (deviating from the calibration curve by [3 r, and most probably representing a sample of reworked material) was rejected. Therefore, this date was not included in the diagrams showing the palaeoecological results.
One must mention that the absolute dating was made neither at the bottom of the LL I core nor in the LL II core. In the case of core LL I, the age-depth model starts from 678 cm, where radiocarbon dating gave the result of 11,690 ± 60 B.P. (Fig. 2) . The lower layers were not dated due to lack of suitable material for dating and rare presence of pollen in the sediments below 700 cm. The absence of the regular presence of pollen may indicate that the bottom deposits, which are made up of alternate layers of sand and mud, were formed in an environment of turbulent accumulation. The bottom deposit contained few plant macrofossils, and the only observed examples were fragments of leaves of Dryas octopetala as well as an endocarp of Potamogeton filiformis and a fruit of Carex sp. The presence of 14 species of Cladocera is noteworthy and undoubtedly indicates the presence of a lake in the area.
Taking into account the presence of open water taxa in the area (Bosminidae, Daphnidae) as well as the numerous taxa that live in association with water plants (mainly from the family Alonidae, Acroperus sp.), it can be concluded that conditions were unfavourable for the development of the Cladocera fauna at that time. Based on the presence of Cladocera, it can be assumed that this layer was deposited during the Bølling period. However, in the absence of radiocarbon dating and the occasional presence of pollen, no attempt was made to define the age of these sediment layers.
Lake and peat sediment was collected in the second core, which included the top layer of the deposit (200 cm). Two samples from depths of 150 and 80 cm were radiocarbon dated, and the results were used to plot the time curve. The age curve was not continued below a depth of 150 cm, which was dated at *1280 A.D. 
Pollen
The history of vegetation development based on the pollen data is shown in Figs. 3 and 4, and the description of the 11 pollen zones which have been defined is in Table 3 . The Late-glacial history of vegetation consists of two phases. The first, Phase LLp-I1, indicates the Bølling-Allerød period (Fig. 3) . The older part, up to a depth of 670 cm, is dominated by Betula (up to 57 %) and Hippophaë rhamnoides is also present. This part of the sediments probably accumulated during the Older Dryas. Betula nana, Juniperus, Artemisia and Cyperaceae records reach several percent. In the second part, down to 660 cm, the amount of Pinus rapidly increases (up to 60 %), and the amount of Betula nana, Juniperus, Artemsia and Cyperaceae is reduced. The second phase, LLp-I2, is attributed to the Younger Dryas and is characterised by a high proportion of Juniperus (up to 18 %), Betula nana (up to 10 %), Artemisia (up to 17 %) and Chenopodiaceae (up to 4 %). During this period, the presence of Selaginella, Ephedra fragilis and E. distachya is recorded. Moreover, the share of Pediastrum boryanum and P. kawraiskyi increases. The early Holocene succession with dominant Betula (up to 74 %) and the first record of Ulmus pollen falls within the Pre-boreal period. Potamogeton, Nuphar and Typha latifolia appear in the lake, and the beginning of the explicit expansion of more thermophilous deciduous trees, Corylus, Alnus and Ulmus, occurs in Phase LLp-I4. The 3 % record of Populus is also noteworthy. The development of woods typical of the climatic optimum occurs in Phase LLp-I5, which was dominated by Quercus, Tilia, Ulmus and Corylus, and in wetter places by Fraxinus and Alnus. The second half of this period is characterised by a sharp increase in the amount of Botryoccocus. The rapid expansion of Picea at 382 cm and the beginning of the constant presence of Carpinus is characteristic of Phase LLp-I6. The end of this phase and beginning of the next phase is also determined by declines of Corylus, Tilia, Ulmus and Fraxinus. The development trend of vegetation is noted during the upper part of Phase LLp-I7 (Fig. 3) and in the bottom part of Phase LLp-II1 (Fig. 4) . In both studied cores at this time we noticed the relatively constant presence of Picea (10 %), Quercus (*5 %) and Carpinus (*4 %) and a steady decline in Tilia, Ulmus, Corylus and Acer. During Phase LLp-II1 there are signs of increased human activity which are indicated by increasing Cerealia indet. and the appearance of Triticum type at 175 cm and Secale at 170 cm. At the time of Phase LLp-II1 this part of Table 1 ). Table with archaeological periods by Kozłowski and Kaczanowski (1998) the lake changed into a peat bog. Development of peat bog sedimentation is evident as a rise of the curves of Cyperaceae and Dryopteris thelypteris. Human activity in the first half of Phase LLp-II2 decreases and then slightly increases the share of trees, Picea, Carpinus and Corylus. In the second half of Phase LLp-II2 Picea and Carpinus increase, and human indicators increase continuously. The constant presence of Secale and Rumex acetosa-acetosella is recorded starting from a depth of 130 cm. At the depth of 100 cm Tricticum-type and Plantago lanceolata pollen appear. The peaks of Picea (34 %) and Carpinus (15 %) are reached at a depth of 85 cm. At 80 cm a significant change in the pollen record is marked by a rapid decline in deciduous trees and Picea, while the amount of NAP increases (up to 36 %). In the first half of this period, the share of Pinus also increases (50 %).
Loss of woodland from the area is shown by the pollen analysis as an increase of cereals and Artemisia. The amount of Secale reaches 17 %, and the changes in the local vegetation are distinctly pronounced, so that Vaccinium sp. appears, and the amount of Sphagnum increases. The development of vegetation most like that of modern times was found at a depth of 47.5 cm and shows a small (Carpinus, Quercus) or occasional (Tilia, Ulmus, Fraxinus) amount of deciduous trees, with Pinus dominating (*60 % at the beginning and end) in addition to Picea (ca. 5 %). In the peat bog, the presence of cf. Andromeda (20 %) increases.
Macrofossils
The development of local vegetation has been divided into 12 phases (Table 4; Figs. 5, 6) . Eight phases cover the period when the lake held water, while the remaining four cover the history of the peat bog which then developed there. Potamogeton filiformis, Chara sp. and Batrachium sp. were present in the first phase of lake development (Fig. 5 , LLmI-1) during the Late-glacial period. Leaf fragments of Dryas octopetala at 782 cm and a seed of Arctostaphylos uva-ursi at 678 cm were found in Lateglacial deposits in addition to a number of fruits and fruit scales of Betula nana. The Younger Dryas is well marked between 650 and 625 cm. During this period B. nana increases and Potamogeton filiformis and Batrachium sp. appear. In the early Holocene (Pre-boreal period), which includes Phase LLmI-2, there is a significant increase in aquatic plants. Chara sp. increases, numerous pondweeds such as Potamogeton lucens, P. natans and P. crispus appear, and there are signs that Typha sp. grew in the coastal zone near the shore. For the first time there is evidence of trees such as Pinus sylvestris and Betula pubescens. The Middle Holocene stage includes Phases LLmI-3 and LLmI-4. This period is characterised by significant changes in aquatic vegetation, and the dichotomy of the period is clearly visible. During Phase LLmI-3, new aquatic plants appear, including Ceratophyllum demersum, Najas flexilis, Nuphar lutea, Potamogeton obtusifolius and P. pusillus. However, aquatic vegetation is reduced in Phase LLmI-4 when such rushy plants as Schoenoplectus lacustris appear in addition to vegetation on the edge of the peat bog, including Lycopus europaeus and Menyanthes trifoliata.
The Late Holocene period is defined by lacustrine and peat bog phases. The beginning of Phase LLmI-5 is defined by a significant increase in Chara sp. and Potamogeton obtusifolius. Other Potamogeton species appear later, including P. pusillus and P. alpinus, and Nuphar pumila somewhat earlier. A characteristic of the beginning of this period is the rapid spread of Picea abies around Linówek, as shown by the presence of needles, bud scales and seeds. Macrofossils of Alnus glutinosa and Acer sp. are present for the first time. During the shallowing process of the lake and the development of the peat bog, the proportion of Carex increases, including C. nigra and C. pseudocyperus in addition to Menyanthes trifoliata, and Cladium mariscus appears at a depth of 262 cm.
Nymphaea alba and Nuphar lutea are present in the last phase of the lake existence along with Sparganium minimum and Eleocharis sp. In the first stage of peat bog development (Phase LLmII-2, Fig. 6 ), the largest share is taken up by such sedges as Carex pseudocyperus, C. paniculata and C. nigra as well as brown mosses such as Drepanocladus sp. and Calliergon sp. A significant change took place in the peat bog along with the appearance of Scheuchzeria palustris in Phase LLmII-2, and the proportion of its vegetative organisms is as high as 80 %.
A key moment in the history of the peat bog is the appearance of Ericaceae, which coincides with an increase in microfossils of Picea abies in Phase LLmII-4. Further changes in the vegetation composition are expressed by the presence of Andromeda polifolia, followed by Sphagnum, among which Sphagnum teres dominates at the beginning. In addition to S. teres, Meesia triquetra and Bryum pseudotriquetrum (LLmII-4) were also found. The top part of the profile shows a characteristic succession system of Sphagnum teres-S. angustifolium-S. teres-S. angustifolium (LLmII-4, LLmII-5), which is accompanied by a significant increase in the presence of Oxycoccus palustris. Table 1) Currently, Sphagnum teres and Oxycoccus palustris are common at the sampling site.
Subfossil Cladocera 26 species of Cladocera were identified, belonging to four families, Bosminidae, Daphniidae, Chydoridae and Sididae. Throughout the studied sedimentary sequence, the Cladoceran community is dominated by littoral taxa that constitute more than 70 % of the total Cladocera identified in the sediment. Eight Cladoceran phases are identified that reflect the lake development stages (Table 5 ). The changes in Cladoceran assemblages allow us to trace the ecological history of the lake from the Late-glacial period to *A.D. 1000. The results of the subfossil Cladocera analysis are shown in an absolute frequency diagram (Fig. 7) .
The initial phase of the lake in Zone LLcI-1 is correlated with the Late-glacial period. During this time, only three Cladocera species are present, Bosmina (Eubosmina) longispina, Acroperus harpae and Alona rectangula, and their frequencies are quite low. Over time (Zone LLcI-2), the ecological condition of the lake changed. Numerous openwater taxa appear here, Bomina longirostris, Eubosmina and Daphnia longispina group and they reach their highest frequency in the core (Fig. 7) . Taxa living in association with plants are also abundant, represented primarily by Alonidae and Acroperus harpae. Additionally, sediment-associated taxa such as Leydigia sp. and Rynhotalona falcata were found only in the sediments of one zone, LLcI-2 (Fig. 7) .
The Early Holocene sediment sequence is represented by the Cladocera Zone LLcI-3. During this time, littoral taxa are dominant and constitute 96 % (Figs. 7, 8), particularly taxa from the family Alonidae and Acroperus harpae, Chydorus sphaericus and Sida crystallina. Cladocera living in open water are represented by only one species, Bosmina longirostris, whose frequency is notably low, with a maximum 4 %.
The Middle Holocene period is represented by two Cladocera zones, LLcI-4 and LLcI-5. Littoral Cladocera are dominant, particularly taxa living in association with plants such as the Alonidae family and Chydorus sp., Eurycercus lamellatus and Graptoleberis testudinaria. During this period, open water taxa re-appear, including Bosmina longirostris in Zone LLcI-4 and the Daphnia longispina group in Zone LLcl-5. However, their frequency is significantly lower than in Zone LLcI-2 and does not exceed 8 %.
The uppermost sediments of the core were deposited during the Late Holocene period, and only littoral taxa are noted in the older sediments of this period (Zone LLcI-6, Fig. 7 ). The dominant species are Alona rectangula, Alonella excisa and Chydorus sphaericus.
At the beginning of Zone LLcI-7, the presence of planktonic taxa is noted again. Bosmina longirostris reappears and reaches a maximum of 16 %. Taxa living in association with plants are also quite numerous and are dominated mostly by the Alonidae family, Sida crystallina, Graptoleberis testudinaria and Kurtzia latisima.
In the upper part of the studied sediment core, the remains of planktonic taxa completely disappear in Zone LLcI-8. Littoral taxa are dominant, including Alona rectangula, Alonella excisa and Alonella exigua. Additionally, the frequency of all Cladocera remains decrease and fall to the lowest level in the Holocene sediment sequence.
Discussion
Postglacial history of vegetation
Late-glacial period: ca. 12500-9600 B.C. (Phases LLpl 1 and 2, LLmI 1, LLcI 1)
The start of the development of lakes in the whole of northeastern Poland was connected with the melting of blocks of dead ice after climate warming (Ber 2006) . The beginning of biogenic accumulation in the lakes began in the Bølling period, but it was at various times due to the different sizes of dead ice depressions. The bottom sediments in Linówek date back to *12000 B.C. (Fig. 2) . The age of the bottom lake sediments in Jezioro Kojle, *5 km from Linówek, is *11600 B.C. (Gałka and Sznel 2013) and *10900 B.C. for Jezioro Hańcza (Lauterbach et al. 2011) . The sediments in Jezioro Wigry started to accumulate *13,700 cal. Table 1) the area. The pollen picture shows a clear dichotomy in the development of vegetation in the vicinity of Linówek (Fig. 8, Zone A) . In the first phase dominant taxa include Betula (max. 57 %) as well as Hippophaë rhamnoides, Betula nana and Artemisia (Fig. 3) . Moreover, there are significant records of Juniperus and Chenopodiaceae, and Equisetum grew in the wetlands.
The presence of Betula nana is recorded from *12000 B.C., which proves that it was one of the first plants to appear at the site. B. nana owes its ability to grow even in the vicinity of the ice sheet snout to its rapid colonisation of newly uncovered sites (Binney et al. 2009 ). Taking into account the presence of Hippophaë rhamnoides in the bottom layer of the analysed sediment, it can be concluded that the minimum July temperature in northeast Poland was *12°C (Kolstrup 1979 (Kolstrup , 1980 . The development of vegetation, in which one of the main elements was the lightdemanding Hippophaë rhamnoides, may be linked to the Oldest Dryas, Bølling or Older Dryas. H. rhamnoides occurred during these periods in other lakes in Poland, at Witów (Wasylikowa 1964) ; Mikołajskie (Ralska-Jasiewiczowa 1966), Łukcze (Bałaga 1990) , Miłkowskie (Wacnik 2009) and Kojle (Gałka, unpublished data) . H. rhamnoides as a pioneer in heliophilous plant communities could grow at the edges of woodland on rather poor carboniferous soils (Kolstrup 1980 , Wacnik 2009 ).
The first aquatic plant in the lake, which was characterised by a high water level, was Potamogeton filiformis. The amount of Pinus rises sharply (up to 61 %) in the second phase starting from *11000 B.C., but the amounts of Betula, Juniperus, Betula nana and Artemisia decrease. A similar model of vegetation development was found in Miłkowskie (Wacnik 2009 ) and in other parts of Europe (Litt and Stebich 1999; Mortensen et al. 2011) .
The rapid cooling of the climate at *10700 B.C., which indicates the beginning of the Younger Dryas, is indicated by the decrease of Betula and Pinus pollen and an increase in Betula nana, Juniperus, Artemisia and Chenopodiaceae. The abundance of Betula nana in this area is reflected in the presence of its many fruits and fruit scales in the deposits (Fig. 8, Zone A) . During this period, the amount of Helianthemum, Rosaceae and Ranunculaceae increases significantly. High levels of Juniperus (15 %) were found in Hańcza at ca. 10900 B.C. (Lauterbach et al. 2011) . Caused by climate cooling, the rapid increase in Betula nana was also observed 100 years earlier at 10800 B.C. in Denmark (Mortensen et al. 2011 ) and in Estonia (Saarse et al. 2009 ). However, the period of rapid cooling at these sites cannot be directly correlated, because there are no radiocarbon dates from this part of the Linówek sediment. During the cold period of the Younger Dryas, Potamogeton filiformis and Batrachium sp. grew in the lake, which belong to the pioneer plants, and are cold period indicators (Bennike 2000; Birks 2000; Mortensen et al. 2011) . Both taxa are often found in Late-glacial sediments in westcentral Europe (Guiter et al. 2005; Stachowicz-Rybka et al. 2009; Fajer et al. 2012; Maj and Gałka 2012; Gałka and Sznel 2013) . Taking into account the presence of Myriophyllum spicatum pollen and the presence of Batrachium sp. fruit, it can be concluded that the minimum mean July temperature in this period oscillated around 10°C (Kolstrup 1979 (Kolstrup , 1980 Brinkkemper et al. 1987) . The cold period is also shown by the presence of macro-and microspores of Selaginella selaginoides, which is a typical species of tundra vegetation (Tobolski 2006; Stančikait_ e et al. 2009; Gaidamavičius et al. 2011; Mortensen et al. 2011) . The occurrence of S. selaginoides may even suggest lower temperatures of *7°C (Kolstrup 1979 (Kolstrup , 1980 . A much lower water temperature can be deduced from the presence Table 1) of Pediastrum kawrayskyi, whose share rose significantly at this time. P. kawrayskyi is a species typical of cold and clean waters and is often found in the sediments of the Younger Dryas (Janowská and Komárek 2000; Wacnik 2009 ).
Early Holocene period: 9600-6900 B.C. (LLpI 3 and 4, LLmI 2, LLcI 3)
Early Holocene climate warming occurred in the study area at *9600 B.C. (Lauterbach et al. 2011) , resulting in significant changes in the vegetation. From the initial phase of the Pre-boreal period around 8100 B.C., Betula is dominant, reaching 74 % (Fig. 8, Zone B) . Such a large percentage of Betula is typical of the Pre-boreal period and this has also been reported from other parts of Europe, including Poland and Germany (Litt et al. 2001) , the Netherlands (Bos et al. 2007 ), Lithuania (Stančikait_ e et al. 2008) and Denmark (Mortensen et al. 2011) . At *8100 B.C., there is a significant increase in the proportion of deciduous trees with higher thermal requirements, including Ulmus and Corylus followed by Alnus at ca. 7400 B.C. and Quercus and Tilia at ca. 6800 B.C.
The beginning of the spread of Alnus in the area at ca. 7400 B.C. represents a significant increase of wetness in this part of Europe (Lauterbach et al. 2011) , which caused a rise in the water level in the lakes of the area (Gałka and Sznel 2013; Gałka et al. unpublished data) . Results from lakes show similar vegetation changes and a period of spreading of deciduous trees at Hańcza (Lauterbach et al. 2011 ), Wigry (Kupryjanowicz 2007) and Miłkowskie (Wacnik 2009) . A notable issue is the presence of Picea abies in this part of Europe in the Early Holocene. The occurrence of spruce at *7400 B.C. is confirmed macroscopically from needles, bud scales, seeds in peat sediments and the overlying gyttja between Jezioro Kojle and Perty in the northern part of the Suwałki Landscape Park (Gałka and Tobolski 2013) . The presence of P. abies at this time in the pollen results from Linówek is lower than 2 % (Fig. 3, LLp-I4 ). However, Picea pollen at *0.6-1.0 % proves its presence in the area of the site (Ś rodoń 1967; Giesecke and Bennett 2004) .
With climatic warming and an increase in the water temperature in the early Holocene and the increase in lake level in Linówek, Chara spread and Potamogeton lucens, P. natans and Nymphaea alba appeared. Taking into account the presence of N. alba seeds, it can be concluded that the average July temperature was *12°C at *9200 (Kolstrup 1979 (Kolstrup , 1980 . At that time, Typha sp. was also present, confirmed by the presence of seeds and pollen of T. latifolia at *8600 B.C., which suggests that the July temperature could have been higher, *13°C (Isarin and Bohncke 1999) , and this temperature is also indicated by the presence of the fruits of Ceratophyllum sp. (Isarin and Bohncke 1999) . The appearance of Potamogeton lucens in Linówek at *9300 B.C., a species that grew in the lake for *600 years, is not only associated with an increase in water temperature but also with an increase in calcium because it is characteristic of lakes rich in calcium carbonate (Zalewska-Gałosz 2008). The fossil presence of P. lucens has also been found in other parts of southwest Poland, where it was one of the first plants to colonise the ponds and lakes created during the Allerød (Maj and Gałka 2012) . Climate warming allowed other thermophilous taxa to migrate to the area. The arrival of Corylus at *8100 B.C. was accompanied by a further increase in temperature of Hoffmann et al. (1998) , the presence of Corylus shows that the average July temperature at that time was 15°C. Cladium mariscus seeds were found at Kojle-Perty at *7500 B.C. , which suggests that the mean July minimum temperature was not below 16°C, and the mean minimum January temperature was *-4°C (Wasylikowa 1964) . The dynamic spread of Cladium mariscus in Poland in the Early Holocene is confirmed by its fossil presence in a lake on the southern Baltic coast, Łebsko, where the oldest evidence of its presence in the area have been radiocarbon dated to 9,850 B.P. (9767-8930 B.C.) (Tobolski 1987) . For the Pre-boreal period, the presence of C. mariscus has been reported for southern Finland by Valovirta (1962) . The dichotomy in the history of Middle Holocene vegetation in northeast Poland is well known (Fig. 8, Zone C) . Appearance of planktonic taxa (B. longirostris, 18 %); increase of macrophyte-sediments associated species such as Alonella excisa, Alona rectangula and Graptoleberis testudinaria From 6900 to *3650 B.C., the woods were dominated by Tilia with an almost constant 10 % and Corylus up to 30 %. Other taxa present include Ulmus up to 17 %, Quercus at *5 % and Alnus at *15 %. From 6500 to 6100 B.C. we record the visible change in the proportion of trees. Corylus, Alnus, Quercus and Fraxinus decrease, and there is a rapid increase of Pinus and a slight one of Picea. This can be correlated with the cooling known as the ''8.2 ka Event'' which is widely recorded in the northern Atlantic and northern Europe (Tinner and Lotter 2001; Mayewski et al. 2004; Seppä and Poska 2004; Szeroczyńska and Zawisza 2011) . The same pattern of plant succession between 8,350 and 8,100 cal. B.P. in Scandinavia has been observed (Sarmaja-Korjonen and . The cooling at the time is also proved by the appearance in the lake of Alonopsis elongata, which is typical of lakes in northern areas (Hessen and Walseng 2008) . It appeared in other Polish lakes during the ''8.2 ka Event'' (Szeroczyńska and Zawisza 2011) . It is worth emphasizing that at this time Potamogeton pusillus disappeared from the lake, and it appeared there again in the warmer period afterwards. During the ''8.2 ka Event'' the average temperature of the warmest month could have been *2°C lower than the current temperature, which is shown by palaeoclimatic data (Heiri et al. 2004; Weninger et al. 2006; Magny et al. 2007 ).
Viscum pollen was found for the first time at *5950 B.C., which proves that the temperature of the warmest month was by then at least 16°C (Granoszewski 2003) . At this time in addition to Potamogeton obtusifolius, P. pusillus and Ceratophyllum demersum, Najas flexilis, a plant typical of a climatic optimum (Godwin 1975; Lang 1994) was also found in the lake, which maintained a high water level at this time. The occurrence of N. flexilis at 5900 B.C. corresponds with a further increase in temperature and the beginning of the Holocene thermal maximum, which lasted from 6000 to 2500 B.C. in northeastern Europe (Heikkilä and Seppä 2003; Seppä and Poska 2004) . The presence of Ceratophyllum demersum shows that Linówek was influenced by lime-rich water (Kłosowski et al. 2011) . At *4500 B.C., submerged plants almost completely disappeared from the lake, an event that occurred at the time of an increased share of Botryococcus and Pediastrum boryanum (Fig. 8) . Such a large reduction in the presence of this group of aquatic plants is most probably related to the reduction in light intensity brought about by the excessive presence of algae (Dodds 2002) .
At the transition to the second part of this period, which lasted from 3650 to 2300 B.C., a significant increase in Ulmus and Quercus took place, with a subsequent decline in Tilia and Corylus. The decrease in Tilia at *3600 B.C. was also noted at Hańcza (Lauterbach et al. 2011) and Wigry (Kupryjanowicz and Jurochnik 2009). It can be assumed that this decrease was caused by a decrease in precipitation, because the water level in Linówek was low in that period. There was also a significant reduction in submerged plants in the lake. The taxa present include Chara sp. and Najas marina, which has an episodic occurrence. The presence of N. marina for a period of several thousand years was noted in the lakes at Kojle, Perty and Purwin (Gałka, unpublished data) . During this time, the rush zone developed on the shores of Linówek, with Schoenoplectus lacustris, Carex paniculata and Lycopus europaeus. The presence of L. europaeus at *3250 B.C. shows that the average July temperature at this time was no lower than 16°C (Bell 1970) . It is worth mentioning that in this period Ulmus is represented with high amounts, up to 20 % at *2800 B.C. This is much higher than the values of up to 10 % reported in the specialist literature from neighbouring regions (Ralska-Jasiewiczowa et al. 2003; Zachowicz et al. 2004 ). This period is characterised by increasing amounts of Picea and Carpinus (Fig. 8, Zone D) . Picea abies spread widely at *2300 B.C., as observed in the pollen results, and as finds of needles, seeds and bud scales show. Our date for the sudden increase of P. abies at *2300 B.C. corresponds to the pattern of Picea distribution made by Latałowa and Van der Knaap (2006) .
A clear cooling trend started at 4,500 cal. B.P. in Europe (Heikkilä and Seppä 2003; Seppä and Poska 2004) and in northeast Poland. The climate cooling and increase of precipitation at *2300 B.C. favoured the expansion of Picea around Linówek. Increased precipitation encourages spruce growth (Koprowski 2013) . Picea usually grows on damp soils (Giesecke and Bennett 2004) and it needs cold, snowy winters with average temperatures less than -6°C for its reproduction (Dahl 1998) . It is known for occurring in areas with a more continental climate. Changes to the structure of the woods in the vicinity of the lake, with a high contribution of Picea, caused an inflow to the lake of acidic substances from decomposing Picea needles, so that the lake sediments contained numerous spruce macrofossils. Changes in water quality resulting from acidification favoured the appearance of Nuphar pumila and Potamogeton alpinus. The presence of N. pumila indicates soft water (poor in Na ? and SO 4 2-) but rich in total Fe and acidic substrates containing low amounts of Ca 2? (Kłos-owski et al. 2011 ). An additional factor influencing the appearance those two aquatic plants is climate cooling. P. alpinus and Nuphar pumila are typical of the Boreal zone characteristic of the beginning or the end of interglacial periods. They indicate a cooling of the climate as well as changes in the moisture supply (Velichkevich and Veget Hist Archaeobot (2014) 23:123-152 141 Zastawniak 2006 Zastawniak , 2009 . A decrease in temperature would have provided good conditions for their existence. The correlation between the occurrence of spruce in the vicinity of the lake and the appearance of those two plants in the lake was determined at Kojle-Perty, where P. alpinus and N. pumila appeared simultaneously at *2500 B.C. (Gałka, unpublished data) . A positive correlation between changes in aquatic vegetation and the appearance of Picea in the vicinity was also observed in other parts of Europe, as in eastern Lithuania at Bevardis (Gaidamavičius et al. 2011) and in northeast Poland at Puszcza Romincka . Changes in regional vegetation, as recorded in the Linówek lake sediments after 2300 B.C. are connected with regional changes of climate and soils representing the protocratic stage of an interglacial cycle (Birks 1986 ).
At about 950 B.C., the significant decrease from 14 to 4 % of Ulmus pollen corresponds to data from other sites in central Europe which can be connected with changes in soils from the meso-to oligocratic stages of an interglacial (Ralska-Jasiewiczowa et al. 2003 ).
An increase of Picea up to 12 % and of Carpinus up to *4 % occur about 800 B.C., at the same time as a significant decline of Ulmus, Tilia and Corylus. Among the declining deciduous trees, it should be noted that the smallest decline is of Quercus. The same trend for reductions of the deciduous taxa Ulmus, Corylus and Tilia and no significant decline of Quercus has been found in southern Finland (Heikkilä and Seppä 2003) . This correlates with the reduction of Chara sp. and the loss of Potamogeton pusillus and Schoenoplectus lacustris from Linówek, which can be associated with increased precipitation and an increase in the lake level.
The reason for the expansion of Picea and Carpinus in the woods of northeast Poland is climate cooling and deterioration of the quality of soils, which favoured both species, which grow better in more continental conditions. Considering the succession of vegetation in the Eemian interglacial, the two species appear in the protocratic stage (Granoszewski et al. 2012; Kołaczek et al. 2012 ). An increase in the contribution of Carpinus in woods in northern Poland has also been recorded at other sites (Ralska-Jasiewiczowa et al. 2003) .
The cooling of climate and increase in precipitation between 800 and 600 B.C. was a general trend in the whole of Europe. It was recorded in the Netherlands (Van Geel et al. 1996) , Switzerland (Holzhauser et al. 2005) , Northern Ireland (Swindles et al. 2007 ), Finland ), Germany (Voigt et al. 2008) and Sweden (Andersson and Schoning 2010) . It corresponds to a widespread climate reversal identified at the Sub-boreal to Sub-atlantic transition (Van Geel et al. 1996) . During this time the glaciers in the Alps were growing (Holzhauser et al. 2005 ) and accumulation on the peat bogs increased . Climatic oscillations at this time can be associated with low solar activity (Holzhauser et al. 2005; Mauquoy et al. 2008) . Around A.D. 100 when an increase in temperature was noted in Europe (Seppä and Poska 2004; Moschen et al. 2011) , Cladium mariscus which responds to more oceanic climate and higher temperature conditions appeared in the Linówek sediments. The modern distribution of C. mariscus is mainly on the Baltic coast of Latvia (Salmina 2004) . At about A.D. 750 Ulmus disappears almost completely from the study area, while the amounts of Corylus and Tilia decline significantly, most probably due to increased human pressure here. Around A.D. 1000-1100 the lake disappeared. The final phase (LLmI-7) is characterised by Nymphaea alba and Nuphar lutea, which are still present in the area today. Cladium mariscus grew in the rush zone, but it is not found any more in the Linówek area. It disappeared in modern times, as its seeds were found in the top layer of the sediments . Due to the increasing shallowness of the lake, the area turned into a fen with the sedges Carex paniculata and C. nigra in addition to Menyanthes trifoliata.
At *A.D. 1470, the amounts of Carpinus betulus and Picea abies increased in the vicinity of the lake, as seen in an increase in the pollen curve. Nowadays P. abies grows in the vicinity of the lake and its needles were found in the studied peat sediments. The increase in both these trees corresponds to the appearance of Scheuchzeria palustris on the peat bog (Fig. 9 , Zone E). The correlation between the changes in vegetation in the catchment of the peatland and those on the peatland was observed on Baltic raised bogs in northern Poland as well, at Stą _ zki ), Mechacz Wielki (Gałka, unpublished data) and Gązwa (Gałka, unpublished data) .
At about A.D. 1650, the amount of Picea abies again increases significantly to a maximum of 35 %, which corresponds to the beginning of the development of the transitional bog. Larger numbers of Oxyccocus palustris and Andromeda polifolia macrofossils were found as well as Sphagnum teres and Meesia triquetra, followed by Sphagnum angustifolium and S. sect. Acutifolia (Fig. 9 , Zone F). The appearance of vegetation representing a more acid environment can be associated with the influence of Picea abies, which grew on the bog, where its presence caused acidification of soils. The increased share of Picea abies in these two periods can be associated with climatic cooling during the ''Spörer Minimum' ' (A.D. 1420-1550) and the ''Maunder Minimum' ' (A.D. 1645-1715) .
In summarising the discussion of the history of the woodlands in the surroundings of Linówek, special attention should be paid to the dynamics of spruce and its proportion in various woodland communities. The presented material suggests the need for in-depth studies of the role of spruce stands in their plant community, in the border zone of the temperate and boreo-nemoral climate zone, particularly in the context of human impact factors.
Human activity
Based on the presence of indicators of human activity at the site of Linówek, three main periods have been defined and are explained in sequence.
1. 12000-2100 B.C. According to the archaeological data and based on the finds of single flint tools, humans appeared in northeastern Poland during the Bölling period, and this was related to the hunting of reindeer (Brzozowski and Siemaszko 2005) . The first traces of human activity in the study area can be associated with the presence of a Mesolithic hunter-gatherer group from burning of the woodland. The spores of Pteridium aquilinum are found in the sediment from *6650 B.C. (Fig. 3) , which may indicate fires that may have been caused by the Mesolithic people. During this period, the Kunda Culture developed in northeastern Poland (Brzozowski and Siemaszko 2005) . A well-equipped camp of this culture dating back to 8300 B.C. was found near Ełk, *60 km west of Linówek, and numerous sites of this culture have been discovered in the Pojezierze Suwalskie (Suwałki Lake District) and also in the Baltic states (Brzozowski and Siemaszko 2005) . Between 5650 and 4150 B.C., the Pteridium aquilinum curve shows growth that can be interpreted as an increasing intensity in burning of woodland (Göransson 1986; Madeja et al. 2004 ), but on the other hand it could also have been influenced by increased grazing pressure from wild herbivores. The first traces of human activity are recorded around the same time in the lake pollen results from Wigry, as shown by the growing curve of Pteridium aquilinum (Kupryjanowicz 2007) . Rumex acetosa/acetosella pollen, whose presence is considered an indicator of a pastoral economy (Behre 1981) , was found about 4150, 3300 and 2400 B.C. (Fig. 3) .
The first traces of Cerealia pollen were found about 2050 B.C. (Fig. 3) . At the same time, Cerealia pollen and Plantago lanceolata pollen which was *400 years older (2461 B.C.), was found at Wigry (Kupryjanowicz and Jurochnik 2009) .
The presence of Cerealia and Plantago lanceolata pollen shows that the first open spaces used as fields or pastures were created in the vicinity of Linówek. This corresponds with a decline in Ulmus and an increase in Picea abies and Carpinus betulus. A similar correlation was found in Wigry (Kupryjanowicz and Jurochnik 2009 ). In the Baltic states, the increase in human activity demonstrated by the presence of cereal pollen was found several centuries earlier (Stančikait_ e et al. 2002 (Stančikait_ e et al. , 2006 Zernitskaya and Mikhailov 2009; Ozola et al. 2010) . Cerealia pollen was reported in the Pojezierze Mazurskie (Great Masurian Lake District) *100 years earlier (Wacnik et al. 2012) .
Another distinct phase of human settlement development started at *950 B.C., which is confirmed by the presence of Cerealia and Plantago lanceolata pollen as well as Rumex acetosa/acetosella and an increase in Artemisia. The increase in human activity was regional, and was also noted in the area of Jezioro Wigry (Kupryjanowicz and Jurochnik 2009 ). There is a decline of Ulmus and Corylus as well as an increase of Carpinus, Picea and Betula in this period.
Around 500 B.C. an increase of human activity in northeastern Poland is associated with the arrival of the Baltic tribes in the area. They were the first people with strong agricultural traits who settled in the northeast of Poland (Brzozowski and Siemaszko 2005) . The growing importance of agriculture is shown by the curves of Cerealia and Plantago lanceolata. The first Triticum type pollen found ca. 250 B.C. corresponds to a further decline in Ulmus and Acer (Fig. 3 , Zone LLpI-7), and this can be linked to occupation of the Suwałki region by the people of the Bogaczewo Culture, which was based on farming and animal husbandry (Brzozowski and Siemaszko 2005) . Since then, the pollen of these taxa is present only sporadically. A decline in Ulmus and Acer as well as Corylus and Tilia indicates woodland clearance and use of these areas as fields.
According to the current state of knowledge, the oldest known evidence of Triticum cultivation in the area was found at the archaeological site of Osinki, 15 km southeast of our site. Several grains of Triticum aestivum and T. diococcum were found in sediments dated to the Bogaczewo Culture (Karczewski 2011). At another site, Góra Zamkowa in Szurpiły, 3 km east of Linówek, grains of Triticum sp., Hordeum vulgare and Pisum sp. were found in remains of hearths (Karczewski 2011). They were initially dated to the time of the early Roman period, but this age cannot be unequivocally adopted (Okulicz-Kozaryn 1993) . It cannot be excluded that earlier remains of cereal cultivation in the area will be discovered in the future.
During late Roman and Migration period, the local people cultivated wheat and rye, as shown by pollen data from our lake site Linówek and at Wigry (Kupryjanowicz 2007) .
The first pollen of Secale at Linówek was found in a level dated around A.D. 550, which corresponds to the settling of tribal groups around the villages of Szurpiły and Jeleniewo, within 5 km of Linówek (Szkiruć 1986 ). According to the archaeological sites in the village of Szwajcaria, ca. 20 km from Linówek, there was a tribal centre there until the 5th century and then, for unknown reasons, it slowly ceased to exist (Szkiruć 1986; Kowalski 2000) .
Earlier, from *A.D. 400, a pollen grain of Secale was recorded at the site of Mechacz Wielki, *25 km north of Linówek (Gałka, unpublished data) . The oldest grains of Secale cereale from there are dated to the 3rd-4th century A.D. and were found at the archaeological site of Osowa (Karczewski 2011). As well as Secale cereale, grains of Triticum aestivum, T. diococcum, T. spelta, T. compactum, Hordeum vulgare and Pisum sativum were also found. At another archaeological site, Osinki, dated to the 5th-6th century, Secale cereale was found among numerous grains of Triticum aestivum, T. spelta, T. compactum, T. diococcum and Hordeum vulgare (Czeczuga and Kossacka 1973) .
In the 9th century settlement activity in the tribal centre of Szurpiły, *3 km from Linówek began, where a stronghold or fortified settlement was established by the Jatvingians, the most populous and richest group among the Prussian tribes. The location of the settlement on a hill surrounded by four lakes, Szurpiły, Jeglówek, Kluczysko, Jeglóweczek and wetlands, shows the settlement strategy of the Balts, with the use of natural terrain for building defensive forts (Wiliński 1984; Łowmiański 1986) . The heyday of this settlement complex was reached in the 12th-13th century, when the expansion of the gord (a medieval Slavic settlement) and defensive fortifications (Engel and Sobczak 2012) as well as an increase in the area of farmland led to the loss of woodland shown by the decrease of Ulmus, Tilia and Corylus (Fig. 4) . The significance of the economic centre and the well-developed farming are proven by finds of cereal grains (Triticum sp., Sereale cereale) and the bones of cattle, pigs, goats and sheep on archaeological sites (Szkiruć 1986; Wróblewski and Sawicka 2012) .
In the second half of the 13th century the Jatvingian settlements ended in the area, a change which is clearly visible in the pollen diagram (Fig. 9) . It was due to the war campaigns of the Teutonic Knights, which led to depopulation by gradual raids into these areas. The gord eventually collapsed, and the local population was either displaced or fled beyond the rivers Niemen or Biebrza (Szkiruć 1986 ). The accepted date of the fall of Szurpiły is A.D. 1283 (Engel and Sobczak 2012) .
As demonstrated by the disappearance of cereals and Rumex acetosa/acetosella (Fig. 9 , Zone E), economic activity ceased at that time. The depopulation of these territories in the 1280s was described by Peter of Dusburg, the Teutonic chronicler (Engel and Sobczak 2012) . After that event, the woods in the area regenerated, as shown by increased values of Picea, Carpinus and Corylus (Fig. 9 , Zone F) as well as the slight increase of the Quercus curve. A similar development can be observed at Wigry ). All economic activity in the area was halted before the beginning of the 15th century, and for decades, the woods remained as a hunting area for Polish kings and Lithuanian princes.
A.D. 1400-2010
At about A.D. 1400 the area was repopulated, shown by pollen of Secale and Rumex acetosa/acetosella, with decreases in the tree curves of Corylus, Tilia and Carpinus. Around A.D. 1450 the first Centaurea cyanus pollen is recorded, corresponding to the occurrence of Cerealia pollen (Fig. 9, Zone F) . C. cyanus pollen is argued to strongly reflect the presence of permanent field systems (Vuorela 1986) . Despite the presence of farm fields in the area, the values of Picea, Carpinus and Tilia rise again as well as gradual rises in the curves of Alnus and Picea. The increased human activity was not only connected to farming but also to forestry. Settlements were located in the wooded area, and the inhabitants worked at felling timber, producing tar and beekeeping (Szkiruć 1986) . From the 15th century onwards the woodlands in eastern Poland were an important source of timber for ship building, paintings and sculptures (Wa_ zny 2005; Haneca et al. 2005) .
A significant increase in human indicators takes place around the 1620. An increase in Secale and Rumex acetosa/ acetosella is also recorded, accompanied by a decrease in Carpinus and Picea (Fig. 9 , Zone F). This is connected with the founding of the village of Blaskowizna and the construction of two mills *1 km from Linówek (Szkiruć 1986) . In 1668, a Camaldolese (Benedictine) monastery was located near Jezioro Wigry, and at the end of the 17th century many new villages were established in the vicinity of modern town of Suwałki (Matusiewicz et al. 2005) .
Since 1720, there has been a significant increase in human indicators, which show the spread of cereal cultivation, the most intensive in the history of this region. The increase in human activity caused an increase in pollen of Secale, Triticum-type, R. acetosa/acetosella and Plantago lanceolata (Fig. 9 , Zone G). 1720 is a landmark date for the decline of deciduous woods in the area which were almost completely cut down, as a result of the arrival of settlers from Russia in the area (Szkiruć 1986) . Since then, the amounts of Tilia, Carpinus and Ulmus dropped sharply and that of Quercus even more significantly (Fig. 9 , Zone G). Fagopyrum (buckwheat) pollen was found for the first time in the sediments of Linówek dated to about 1720. Even single Fagopyrum pollen grains prove that it was grown in the direct vincity of the lake, because it produces only small amounts of pollen which is not very well dispersed (Behre 1981) . Fagopyrum pollen was found dating from *150 years earlier in Wigry (Kupryjanowicz and Jurochnik 2009) Using the sedimentary sequence, three periods of high water level were determined (12000-9400, 7000-4000 and 1450 B.C.-A.D. 650), based on the results of subfossil Cladocera and analysis of plant macroremains. Between these, two periods (9400-7100 and 3700-1600 B.C.) with low water levels were identified (Fig. 8) .
High level 1. 12000-9400 B.C. The first phase of high water level at Linówek was noted during the Late-glacial and early Holocene and is shown by a high proportion (75 %) of planktonic Cladocera taxa of the genus Bosminidae and the Daphnia longispina group (Fig. 7) . An increasing water level during the Late-glacial was also recorded in nearby Wigry, where planktonic taxa from the Eubosmina family were present (Zawisza and Szeroczyńska 2007). The same was also noted in other lakes in the Polish lowlands (Milecka and Szeroczyńska 2005; Milecka et al. 2011; Szeroczyńska and Zawisza 2007) . The increase in the water level of Linówek also corresponds to the data from Belarus, where the cutoff between the Allerød and Younger Dryas was marked by a significant increase in the water levels of the lakes there (Novik et al. 2010 ). This rise in water level was most probably the result of the final melting of dead ice blocks.
2. 7100-4000 B.C. The second period with a higher water level for Linówek occurred during the middle Holocene period. The beginning of this period was significantly wetter, indicated by the presence of Alnus (Fig. 8 ). The increase in water level has also been observed in the Cladocera assemblages since 7100 B.C. Planktonic Bosmina longirostris appeared at the beginning of this period, followed by Daphnia longispina group, typical open-water taxa (Fryer 1985; Flössner 2000) . The presence of planktonic Cladocera, especially Bosmina longirostris, implies an increase in water level as well as the amount of nutrients in the lake. The trophic increase is also shown by the increase in aquatic plants characteristic of eutrophic water such as Potamogeton obtusifolius, P. pusillus and Najas flexilis (5800-4550 B.C.) (Ellenberg et al. 1991; Zarzycki et al. 2002) . As observed by Backman (1948) and Wingfield et al. (2004) , the optimal water depth for Najas flexilis is *2 m. However, this species is able to grow in a water depth of up to 12-14 m, as at Lake Shoal, Manitoba, Ontario (Pip and Simmons 1986) .
There is a high probability that the period around 7100 B.C. was characterised by higher rainfall, which was caused by the increased influence of warm and moist air brought by the westerly winds from the Atlantic Ocean after the final decay of the ice sheet between 10,000 and 9,500 cal. B.P. (Yu and Harrison 1995; Lauterbach et al. 2011 ). Higher precipitation might have been responsible for the increasing water level and the nutrient supply to the lake from the catchment.
In Kojle-Perty, a sudden increase in water level was recorded at *7400 B.C. and was shown by the accumulation of gyttja on top of peat and a change in the type of vegetation; aquatic taxa also appeared (Gałka et al., unpublished data) . The same tendency to an increasing water level since 7100 B.C. was noted by Zawisza and Szeroczyńska (2007) and in Wigry.
Our dates correlate well with the palaeoecological results from other sites in Europe. Magny (2004) The last period with higher water levels in Linówek is correlated with the Sub-boreal period. This period of increasing water level is mostly distinguished by the reappearance of planktonic Cladocera represented by Bosmina longirostris, the presence of which indicates the existence of the lake pelagic zone; however, this species can also periodically occur in the littoral zone (Burks et al. 2002) . The absence of other planktonic taxa and the increasing frequency of taxa associated with plants (Alonidae, Graptoleberis testudinaria) indicate that a significant part of the lake was overgrown by aquatic vegetation. As suggested by our data, the last lake level rise recorded in Linówek was significantly lower than the previous ones.
The period around *750 B.C. was crucial for the development of aquatic vegetation. Since then, the share of Chara sp. and Nuphar lutea decrease. The hypothesis of an increase in water level is also confirmed by the disappearance of Schoenoplectus lacustris and Typha sp., which are typically found in shallow water (Hannon and Gaillard 1997) .
The results obtained from Linówek correspond well to the rise in water level in other lakes in central Europe. Magny (2004) distinguishes between 1550 B.C. and A.D. 250 three periods with higher water level (1550-1150, 800-400 B.C., A.D. 150-250) .
Around the year 1550 B.C. the climate cooled and precipitation increased, as shown by high water levels recorded by Heikkilä and Seppä (2003) in the Finnish lakes and by Terasmaa (2011) and Punning et al. (2003) in Estonian lakes. Increasing water levels around 1500 B.C. were also noted in peat bogs located on the Polish Baltic coast (Stą _ zki peat bog, ) and in south Finland ). Since 1500 B.C., increased water levels have been reported in the mires of the north of Ireland (Swindles et al. 2010) . Starkel (2011) reconstructed the high water level in general in Polish lakes between 400 B.C. and A.D. 50, using several palaeoecological methods.
Low level
1. 9400-7100 B.C. The beginning of the Holocene was marked by significant climate warming. Climatic changes, particularly an increase in the mean annual temperature, had an important influence on the Linówek lake ecosystem as shown by the decreasing water level there. An early drop in the water level in the Holocene is well known from Cladocera analysis and plant macrofossil results. In Cladocera species composition the frequency of pelagic taxa decreases and plant-associated taxa predominate (Fig. 8) .
The common occurrence of Chara spp., many of which grow in shallow water, was the first sign of a lower lake level. This is also shown by the presence of Potamogeton crispus and P. filiformis, which are also shallow water species (Zalewska-Gałosz 2008). According to Siitonen et al. (2011) , P. filiformis grows in shallow depths (0.1-0.5 m), the maximum being around 3 m. P. lucens also has similar ecological needs (max. depth 3 m), so its presence indicates quite a low water level (Podbielkowski and Tomaszewicz 1996) . The reduction of the water level in Linówek is well correlated with the data from other lakes in Suwalki Landscape Park. At that time, reduction in water level was noted in Kojle and Perty (Gałka, unpublished data) . In the area of Hańcza, small lakes disappeared and peat bogs developed in their place (Gałka and Sznel 2013) . The same process occurred with a small water body (now a peat bog) located *300 m from Linówek (Zdunek and Gałka, unpublished data). At *8250 B.C., a decrease in water level was also noted in Wigry, the largest lake in the area (Zawisza and Szeroczyńska 2007) . Early Holocene changes in water level were also recorded in other parts of Poland, in the lakes Łukcze (Bałaga 1990 ), Mikołajki (Ralska-Jasiewiczowa and Latałowa 1996), Gością _ z (Starkel et al. 1998) and Sierzywk ). A decrease in water level at this time has been noted in other parts of Europe, including Scandinavia (Digerfeldt 1971 (Digerfeldt , 1986 Gaillard 1985) , central Europe (Magny 2004) , the Netherlands (Bos et al. 2007 ), Estonia (Hang et al. 2008; Terasmaa 2011) and Belorussia (Novik et al. 2010) , showing the regional nature of these changes.
2. 3700-1700 B.C. The second period with a notably lower water level is correlated with the end of the Atlantic period and the beginning of the Sub-boreal period. During this time, only littoral Cladocera taxa were present at the coring site. The Cladocera community was dominated by species associated with plants, namely, by Alona rectangula, Alonella excisa and Chydorus sphaericus. The community of Cladocera taxa indicate a reduction in water level and suggests the beginning of the overgrowing process in the lake. The dominant Cladocera taxa are known as littoral and also as resistant to unfavourable environmental conditions and low pH values. It is significant that in this phase, Botryococcus is most abundant (Fig. 8) . The lower water level is also indicated by the considerable decrease in aquatic plants (Fig. 8) . However, it should be mentioned that the decline of aquatic plants could be also combined with an abundance of Botryococcus. Blooming Botryococcus may have reduced the amount of light, which may have led to the disappearance of submerged plants. The occurrence of Schoenoplecus lacustris (since 2722 B.C.) and Typha sp. (since 2350 B.C.) indicate shallow water and the development of a littoral zone (Hannon and Gaillard 1997) .
The decreasing water levels noted in Linówek correspond well with data from northwest Poland (RalskaJasiewiczowa and Latałowa 1996) and northern Estonia (Punning et al. 2003) , where periods of low water level were noted at 2850-2200 and 2000-1650 B.C. The lowering of water level in the lakes appears to have occurred on a regional scale, and was noted in the lakes located in the Swiss Plateau (Haas et al. 1998) , in southern Sweden (Digerfeldt 1998 ) and on the central European lowlands (Magny 2004) . Lower lake water levels are associated with a dry climate phase, which correlates with a more continental climate, as is well known from the low rate of accumulation of peat bogs in northeastern Europe (Lamentowicz et al. 2008; Starkel 2011) . The dry climate phase since 3700 B.C. in northeast Poland can also be related to climate cooling in the Northern Hemisphere between 4000 and 3000 B.C., which was studied by Mayewski et al. (2004) .
Conclusions
Based on the results of the palaeoecological analyses with high-resolution plant macroremains and pollen, Cladocera fossils and radiocarbon dates, the following conclusions can be stated:
1. The formation of a lake at Jezioro Linówek is connected with melting of dead ice blocks *14,000 years ago. 2. Climate, soil change and human activity have influenced the character of the vegetation at both the regional level regarding the woods around the lake, and local levels on the lacustrine and peat bog vegetation.
-Climate warming at *6800 B.C. and improved soil quality allowed the expansion of Alnus, Tilia and Quercus, and Potamogeton obtusifolius, P. pusillus and Nuphar lutea in the lake. -Climate cooling at *6200 B.C. caused a visible change in proportions of trees, with a decrease in Corylus, Alnus, Quercus and Fraxinus, and an increase in Pinus and Picea, as well as in the vegetation in the lake, where the Cladocera Alonopsis elongata appeared and Potamogeton pusillus disappeared. This can be correlated with cooling during the ''8.2 ka Event'' which is widely recorded in the Northern Hemisphere. -Climate cooling, deterioration of the quality of soils and water acidification at *4300 B.C. favoured the migration and distribution of taxa in areas with a more continental climate, and a reduction in deciduous taxa such as Ulmus, Corylus, and Tilia. At the same time there was a sharply increased share of Picea abies and Carpinus betulus in the woods and Potamogeton alpinus and Nuphar pumila appeared in the lake. -At about A.D. 1650, the share of Picea abies again increased significantly to a maximum of 35 %, which corresponds to the beginning of the development of the transitional bog. The presence of Picea abies on the bog and acidification caused the development of vegetation typical of a more acid environment, with Oxyccocus palustris, Andromeda polifolia, and Sphagnum spp.
3. Based on the pollen data, three settlement phases were defined in the study area, 6800-2100, 2100 B.C.-A.D. 1400 and A.D. 1400-2010. The first traces of agricultural activity noted from Cerealia pollen were dated to *2100 B.C. The first Triticum pollen appeared at *250 B.C., that of Secale began at *A.D. 550 and that of Fagopyrum began around A.D. 1720. The most intense human activity and major changes in vegetation, consisting of cutting down or burning the trees, took place at the time of the Jatvingian settlement in the area (ca. A.D. 800-1250), and also after the establishment of several villages around the year 1700. In between there was a decline in human activity, expressed as a decrease in the records of economic indicators and an increase in trees, which was recorded after A.D. 1250. This was due to the displacement of the local Jatvingian population by the Teutonic Knights, and the resulting regeneration of woodlands. 4. Based on the studies of subossil Cladocera and analysis of the presence of local lake vegetation in Linówek, three periods of high water level were delimited, 12000-9400, 7000-4000 and 1450 B.C.-A.D. 650, and two periods of low water level, 9400-7100 and 3700-1700 B.C. Pronounced fluctuations in the water level in Linówek are correlated with data from other research sites in Europe. 5. The palaeoecological analyses of sediments collected from small lakes provides a good potential for reconstructing the impact of climate changes on the lacustrine vegetation in the catchment.
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